Introduction

43
Lentiviruses are unique among the retroviruses in their ability to infect non-dividing cells 44 (25, 40) . While γ-retroviruses such as MLV and FeLV require breakdown of the nuclear 45 envelope during mitosis to access the target cell chromosomal DNA (26, 35) , lentiviruses 46 transit through the nuclear pore, allowing them to infect terminally differentiated and 47 non-dividing cells such as macrophages and dendritic cells (7). Early studies proposed 48 that the ability of the lentivirus pre-integration complex (PIC) to transit the nuclear pore 49 was mediated by the concerted action of the virus matrix protein (MA) and the accessory 50 proteins, Vpr and Vpx (6) (39) (14) . Further studies suggested that integrase (IN) (4, 9) 51 and the central DNA flap (2, 34), a structure that forms during plus-strand synthesis as a 52 result of initiation of reverse transcription primed by the central polypurine tract, also 53 played a role. More recent studies have called into question the roles of each of these 54 viral components in PIC nuclear import (12, 15, 17, 27, 33-35, 41, 42) . Notably, 55
Yamashita and Emerman showed that a panel of MLV/HIV-1 chimeric viruses that 56 lacked accessory proteins maintained the ability to infect nondividing cells and that the 57 key viral determinant for nuclear import mapped to the capsid protein (CA) (41) . 58 59 The molecular mechanism by which TNPO3 facilitates lentiviral nuclear import remains 89 to be determined. In light of its proposed interaction with IN, TNPO3 might serve as a 90 chaperone that associates with the PIC post-entry to guide it through the nuclear pore. 91
Although TNPO3 was found to interact with IN in a yeast two-hybrid screen and in a 92 pull-down assay using recombinant HIV-1 IN (9), TNPO3 also associates with the IN of 93 MLV, a virus that does not infect non-dividing cells and is not dependent on TNPO3 for 94 infection (21). Several more indirect mechanisms are also possible. In its role in cellular 95 nuclear import, TNPO3 has various cargos, one class of which, the SR splicing factors, 96 regulate the production of a large number of cellular mRNA. The production of specific 97 cellular mRNAs regulated by SR proteins might be needed for PIC nuclear import. 98
Alternatively, one of TNPO3's cellular cargos may need to be transported to the nucleus 99 to mediate PIC nuclear import or TNPO3 could serve to prevent the accumulation of a 100 cellular protein in the cytoplasm that interferes with PIC nuclear import. 101
102
In this study, we have further investigated the mechanism of TNPO3-mediated lentiviral 103 nuclear import. We showed that TNPO3 was required for the infection with several 104 lentiviruses. SIVmac239 and EIAV were the most sensitive to TNPO3 knock-down. 105
Analysis of HIV/SIV chimeric viruses showed that the sensitivity of SIVmac239 to 106 TNPO3 knock-down mapped to CA but that in SIVmac239, a single A76V mutation in 107 the SIVmac239 CA rendered the virus TNPO3-independent. Using a complementation 108 assay based on a cell-line in which TNPO3 expression is reduced due to shRNA knock-109 down, we found that the function of TNPO3 that was necessary for lentiviral infection 110 mapped to the carboxy-terminal cargo-binding domain. Mutational analysis of this 111 6 domain identified two hydrophobic motifs required for TNPO3-mediated infection. 112
While the cargo-binding domain mutants lacked the ability to mediate lentiviral infection, 113 they maintained their ability to localize to the nucleus. Thus, these motifs within the 114 cargo-binding domain represent potential interaction sites for a cellular or viral protein 115 that plays a role in lentivirus nuclear import. with VSV-G by transfection at a mass ratio of 3:1. The EIAV reporter virus was 127 produced with pONY3.2, EIAV-RFP reporter vector and VSV-G at a ratio of 2:2:1. FIV 128 reporter virus was produced by transfection with pFP93, pGinSin (FIV-GFP) and VSV-G 129 7 after 48h. The supernatants were passed through a 0.45µm filter and frozen in aliquots at 135 -80˚C. To determine virus titer, thawed virus-containing supernatant was added to 2.5 X 136 10 5 293T cells in a 6-well plate. For HSA reporter viruses, the cells were infected and 137 after 72h stained with phycoerythrin-conjugated rat anti-mouse CD24 (BD Pharmingen) 138 and fixed in 1% para-formaldehyde for at least 1h at 4˚C. The cells were analyzed by 139 flow cytometry on an LSRII (BD biosciences) and the data were analyzed with Flojo 140 software (Treestar). 141
142
Plasmids. HA-tagged TNPO3 constructs were generated by PCR using Phusion Hot 143
Start II high-fidelity polymerase (Finnzymes) using primers containing EcoRI and XhoI 144 sites. The amplicons were cleaved with EcoRI and XhoI and then ligated into an EcoRI 145 and XhoI-digested pcDNA6 A/myc-his (Invitrogen). The human TNPO3 open reading 146 frame was amplified from the cDNA clone IMAGE:5301701 (GeneCopoeia) using 147 primers TNPO3-F and TNPO3-R. The cDNA was found to contain a premature stop 148 codon after amino acid 605. This was corrected by overlapping PCR using primers 149 TNPO3.correct-F and TNPO3.correct-R. An shRNA-resistant TNPO3 was generated by 150 overlapping PCR using the primers TNPO3.sh32mut-F and TNPO3.sh32mut-R. The 151 drosophila TNPO3 open reading frame was amplified from the cDNA clone LD21546 152 (Berkeley Drosophila Genome Project) using the primers drTNPO3-F and drTNPO3-R. 153
Truncated TNPO3 fragments were generated using the shRNA resistant TNPO3 construct 154 as template with the primers TNPO3-F and TNPO3.ΔCargo-R for the TNPO3 delta-cargo 155 construct and the primers TNPO3-F and TNPO3.ΔC18-R for the TNPO3 ΔC18 construct. 156 8 PCR using the shRNA resistant TNPO3 construct as template and specific primers. GFP 158 tagged constructs were generated by PCR amplification from the corresponding 159 pcDNA6-TNPO3 construct, digested with EcoRI and BamHI and ligated into an EcoRI 160
and BamHI digested pEGFP-C1 vector (Clontech). Full-length TNPO3 and TNPO3 161 point mutants were amplified with primers TNPO3-F and Bam.TNPO3-R. The TNPO3 162 Δ-cargo truncation mutant was amplified with primers TNPO3-F and 163
Bam.TNPO3.ΔCargo-R. The SIV-HSA (HCA-p2) vector was constructed by an HIV-1 164 
Results
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Dependence of lentiviruses on TNPO3 for nuclear import. The ability to infect non-228 dividing cells is a property shared by lentiviruses but not γ-retroviruses. To determine the 229 relative requirement of different lentiviruses for TNPO3 dependence, we knocked-down 230 TNPO3 in HeLa cells and then infected them with single-cycle reporter viruses. HIV-1 231 infection was reduced 33% by knock-down of TNPO3 and Nup153 (Fig. 1A) . 232
SIVmac239 infection was reduced 70% by knock-down of TNPO3 and 30% by knock-233 down of Nup153. The findings suggest that both viruses have a similar requirement for 234
Nup153 but that SIVmac239 is more dependent on TNPO3 than is HIV-1. 235
236
To show that the effect of TNPO3 knock-down was at the level of nuclear import and to 237 confirm the increased dependence of SIVmac239, we quantified the numbers of late 238 reverse transcripts and 2-LTR circles generated in newly infected cells by using 239 quantitative real-time PCR (qRT-PCR). For HIV-1, the number of late reverse transcripts 240 was not significantly affected by the TNPO3 knock-down using two different siRNAs 241 over the 48h time course. Analysis of the 2-LTR circles showed that these were not 242 affected at 24h but at 48h postinfection, were reduced 4-8 fold (Fig. 1B) . These data 243 demonstrate that the knock-down specifically affected nuclear import and not the ability 244 to complete reverse transcription. For SIVmac239, TNPO3 knock-down reduced the 245 number of 2-LTR circles 3-6 fold at 24h postinfection and 10-20 fold at 48h. SIVmac239 246 late reverse transcripts could not be quantified because of the presence of high input 247 virus to become TNPO3-independent (24). Therefore, we considered whether the 273 difference in TNPO3 dependence for the different lentiviruses could be determined by 274 differences in the CA sequence. To test this hypothesis, we determined the TNPO3 275 dependence of chimeric HIV-1/SIVmac239 viruses in which the CA coding regions had 276 been swapped (11, 32). We found decreased sensitivity to TNPO3 knock-down for an 277
SIVmac239 virus containing an HIV-1 CA-p2 region (SIVmac239 HCAp2) (Fig. 2D) , 278
indicating that the SIVmac239 CA was necessary for the enhanced sensitivity of 279 SIVmac239 to TNPO3 knock-down. Reciprocally, an HIV-1 chimera with SIVmac239 280 CA 1-204 (HIV-1 SCA) was used to determine if this SIVmac239 CA fragment was 281 sufficient to confer to HIV-1 an increased sensitivity to TNPO3 knock-down. We did not 282 observe a difference in sensitivity between HIV-1 SCA and wild-type HIV-1. This 283 suggests that the SIVmac239 CA was not sufficient to confer increased sensitivity to 284 TNPO3 knock-down. 285
286
We also tested an HIV-1 SCA chimeric virus that had been passaged in human cells to 287 adapt it for growth in human cells (16). The resulting virus had accumulated several 288 mutations within Gag, one of which was an A76V mutation in the SIVmac239 CA. This 289 position was close to the analogous N74D in HIV-1 CA that had been identified by . To determine whether the A76V mutation 291 was responsible for TNPO3-independence in this virus, we introduced the A76V point 292 mutation into SIVmac239. Analysis of the mutated virus showed that it had become 293 TNPO3-independent (Fig. 2E) . 294
Expression of mCPSF6-358, a truncated CPSF6 that fails to localize to the nucleus, 296 blocks HIV-1 nuclear import (24). The N74D point mutation in HIV-1 CA allows the 297 virus to evade the mCPSF6-358 block to infection. To determine whether the TNPO3-298 independent HIV-1 SCA chimeric virus similarly becomes resistant to mCPSF6-358, we 299 tested the ability of A76V CA mutated HIV-1 SCA chimeric virus to infect cells that 300 express mCPSF6-358. We found that the A76V CA mutant virus was largely resistant to 301 mCPSF6-358. Analysis of cells arrested in the cell cycle with aphidicolin showed that 302 the mutant virus was resistant to mCPSF6-358 in dividing and nondividing cells (Fig.  303   2F) . 304
305
The cargo-binding domain is required for lentivirus infection. To understand the role 306 of TNPO3 in lentiviral nuclear import, we were interested in testing the function of 307 mutated forms of TNPO3. However, such an analysis is complicated by the presence of 308 endogenous TNPO3, which is required for cell viability. We therefore established a 309 complementation assay in which the TNPO3 shRNA 293T cells were complemented by 310 transfection with shRNA-resistant TNPO3 expression vectors that contained silent 311 mutations in the shRNA targeted sequence (Fig. 3A ) and then challenged with 312 SIVmac239 reporter virus. To validate the assay, we complemented the cells by 313 transfecting with expression vectors for wild-type TNPO3 and the related protein, 314 importin 13 (30). Expression of importin 13 and TNPO3 in the transfected cells was 315 confirmed by immunoblot analysis (Fig. 3B) (Fig. 3B) . 319 320 Importin β family members contain a cargo-binding domain at their carboxy-terminus. If 321 TNPO3 mediates virus nuclear import by interacting with a viral or cellular protein, the 322 cargo-binding domain would be expected to be required for function. To determine the 323 importance of the cargo-binding domain for lentiviral infection, we generated TNPO3 324 expression vectors that encoded a protein deleted for the cargo-binding domain or for the 325 final 18 amino acids of this domain and tested them in the complementation assay. Both 326 proteins were stably expressed in the transfected cells (Fig. 3C ) and neither was active in 327 the complementation assay for SIVmac239 infection (Fig. 3C) . 328 329 Drosophila TNPO3 is active for lentiviral nuclear import. The TNPO3 gene was 330 highly conserved throughout evolutionary history. Human TNPO3 even shares 56% 331 amino acid identity with the Drosophila melanogaster homologue (Fig. 4A ). This 332 conservation allows the drosophila TNPO3 (drTNPO3) to mediate the nuclear import of 333 SR proteins in human cells (1). To determine if drTNPO3 could substitute for human 334 TNPO3 in order to rescue SIVmac239 infection, we tested it in our complementation 335 assay. The results showed that drTNPO3 restored the ability of SIVmac239 to infect the 336 TNPO3 deficient cells (Fig. 4B) . proteins, changing individual residues to alanine (Fig. 5A) . Analysis of the mutated 342 proteins in the complementation assay showed that most retained function but that the 343 double F918A/F922A mutant was almost completely inactive (Fig. 5B) . The single 344 mutants, F918 and F922A, maintained their function (Fig. 5C ) indicating that both 345 residues needed to be changed to inactivate the protein. Stability of the mutated proteins 346 was confirmed by immunoblot analysis (Fig. 5D) . 347 348 To further probe the function of the cargo-binding domain, we used secondary structure 349 prediction software from the PSIPRED protein structure prediction server (Bloomsbury 350
Centre for Bioinformatics, London, UK) and the PredictProtein server (Techniche 351 Universität, München, Germany). The analysis identified potential α helical and loop 352 regions in the cargo-binding domain (Fig. 6A) . We focused on the loop regions, 353 mutating groups of residues that were conserved between human and drTNPO3 to alanine 354 (Fig. 6A) , because of the likelihood that the loops might serve as protein-protein 355 interaction sites and were less likely to affect the stability of the protein. Analysis of the 356 function of these mutated proteins showed that all were active with the exception of the 357 LLRS767-70 mutant (Fig. 6B) . Single amino acid dissection of these four residues 358
showed that it was the LL767-8 dileucine motif that was necessary for function (Fig. 6C) . 359
Stability of the mutated proteins was confirmed by immunoblot analysis (Fig. 6D) . The results showed that wild-type TNPO3 was active on SIVmac239, HIV-1 and EIAV. 365
The EIAV reporter virus system was not as robust as the other viruses, yet the amount of 366 infection was sufficient to obtain significant results that were reproducible in multiple 367 independent repetitions of the experiment. Analysis of the Δcargo, F918A/F922A and 368 LL767-8 TNPO3 mutants showed that they were unable to rescue HIV-1 and EIAV 369 infection, consistent with their lack of activity on SIVmac239 infection (Fig. 7) . 370 371 TNPO3 mutants retain the ability to localize to the nucleus. The lack of function of 372 the mutated TNPO3 proteins could have been caused by a failure to interact with its 373 cargo, a failure to traffic through the nuclear pore or by misfolding of the proteins. To 374 distinguish between these possibilities we generated vectors that expressed the mutated 375 TNPO3 fused to EGFP and then determined their cellular localization in transfected 376
HeLa cells by fluorescence microscopy. To enhance the visualization, the nuclei were 377 stained with Hoechst dye and the cell membrane was stained with wheat germ agglutinin 378 (WGA). To determine whether the wild-type TNPO3-GFP fusion was functional, we 379 tested it in the complementation assay with SIVmac239. The analysis showed that the 380 wild-type GFP fusion protein was active (Fig. 8A) . Visualization of the proteins by 381 confocal fluorescence microscopy showed that the TNPO3-GFP fusion protein localized 382 to the nucleus. The Δcargo, F918A/F922A and LLRS767-70 mutants retained the ability 383 to localize to the nucleus (Fig. 8B) . We also visualized the localization of HA-tagged 384 TNPO3 proteins to confirm these data. The HA-tagged TNPO3 proteins were localized 385 to the nucleus and cytoplasm. This localization was not disrupted by the cargo-binding 386 domain mutations (Fig. S1 ). These results suggest that the proteins had folded properly 387 and maintained their ability to interact with the nuclear import machinery of the cell. 388
Thus, the likely explanation for their failure to mediate virus infection is caused by an 389 inability to bind to a cellular or virus cargo. 390
391
Discussion
392
Analysis of mutated TNPO3 proteins showed that the cargo-binding domain was required 393 for lentivirus infection. Although the cargo-binding domain mutated proteins had lost 394 their ability to mediate lentivirus nuclear import, they retained their ability to localize to 395 the nucleus. Taken together, these findings suggest that the cargo-binding domain 396 mutated TNPO3 proteins retain the ability to interact with nuclear pore components but 397 fail to interact with a host or virus protein that is required for virus nuclear import. environment. In this case the unidentified cargo would be a cellular protein that is either 435 important for the correct splicing of a host that is directly involved in viral nuclear import 436 or that gains an inhibitory activity for virus nuclear import when it is mislocalized to the 437 cytoplasm. CPSF6 itself is a potential candidate as it is a member of the SR family of 438 RNA processing proteins and therefore a potential TNPO3 cargo. Knock-down of 439 TNPO3 could lead to the cytoplasmic accumulation of CPSF6, which could then bind to 440 the viral PIC interfere with uncoating or docking at the nuclear pore. Lee et al. confer an increased sensitivity to TNPO3 knock-down. These findings also suggest that 467 viral components in addition to CA play a role in determining the sensitivity to TNPO3 468 knock-down. 469 470 How CA regulates the nuclear import of lentiviruses is unclear since there is a lack of 471 evidence for a direct interaction of CA with TNPO3 (13, 29) . It is possible that CA 472 affects nuclear import by controlling the trafficking of the viral particle to the nucleus. 473
The HIV-1 CA does appear to stay associated with the reverse transcribing viral particle 474 as it is transported from the cell periphery to the nucleus (28). A link also appears to 475 exist between viral entry and TNPO3-dependence, suggesting that differences in 476 trafficking of the viral particle to the nucleus could influence the nuclear import of the 477 PIC (37). It is also possible that CA could change the TNPO3-dependence by affecting 478 
